The National Highway Traffic Safety Administration (NHTSA) is conducting a research program to investigate the crash compatibility of passenger cars, light trucks and vans (LTV's) in vehicle-to-vehicle collisions. NHTSA has conducted a series of eight full-scale vehicle-to-vehicle crash tests to evaluate vehicle compatibility issues. Tests were conducted using four bullet vehicles representing different vehicle classes striking a mid-size sedan in both side and oblique frontal crash configurations. The test results show a good correlation between vehicle aggressivity metrics and injury parameters measured in the struck car for the frontal offset tests, but not for the side impact tests.
INTRODUCTION
The National Highway Traffic Safety Administration (NHTSA) is conducting a research program to investigate the crash compatibility of passenger cars, light trucks and vans (LTV's) in vehicle-to-vehicle collisions.
The compatibility of a vehicle is a combination of its crashworthiness and its aggressivity when involved in crashes with other members of the vehicle fleet. While crashworthiness focuses on the capability of a vehicle to protect its occupants in a collision, aggressivity is measured in terms of the casualties to occupants of the other vehicle involved in the collision. Improvements in crash compatibility may require improvements in crashworthiness coupled with simultaneous reductions in aggressivity.
NHTSA has recently conducted several studies evaluating the compatibility of LTV's and cars in vehicle-to-vehicle collisions [1, 2] . These studies evaluated multi-vehicle crashes reported in the Fatality Analysis Reporting System / General Estimates System (FARS/GES) and evaluated the struck driver fatalities per crash involvement of the subject vehicle. This aggressivity metric has shown an incompatibility between cars and all categories of LTV's. A disproportionate number of the fatalities in LTV-to-car crashes are incurred by the car occupants. While the introduction of newer safety countermeasures (e.g., air bags) may improve compatibility, the incompatibility still exists even when newer model vehicles, 1990 model year or later, are considered.
TEST PROGRAM
In order to demonstrate and better understand the nature of compatibility issues within the U. S. Fleet, and the LTV aggressivity problem in particular, NHTSA has conducted a series of vehicle-to-vehicle crash tests. In the test series, a mid-size sedan, a 1997 Honda Accord, was impacted in both side and frontal crash tests by a series of four vehicles, (1) a small pickup, (2) a sport utility vehicle, (3) a minivan, and (4) another mid-size car. The vehicle categories were selected to represent a variety of different potential aggressivity characteristics: mass, front profile, and vehicle stiffness. The vehicles selected were a 1998 Chevrolet S-10 pickup, a 1997 Ford Explorer, a 1997 Dodge Caravan, and a 1996 Chevrolet Lumina. The specific vehicles were selected due to high sales and the availability of finite element models. It is intended to use finite element models to study mitigation concepts for vehicle aggressivity and to evaluate additional crash configurations. Figure 1 shows the front profiles for the four bullet vehicles in this test series. The striking vehicles represent a significant range in bumper and hood heights for the striking vehicles. Also shown in Figure 1 are the relative height of the Accord door sill for the side impact tests and the heights of the SID sensors. Figure 2 shows the stiffness profiles measured from NCAP testing of the vehicles. For these plots the force was taken from the load cell barriers and the left rear seat accelerometer was used to measure the displacement. Not surprisingly the Ford Explorer has the stiffest force deflection profile and the Chevrolet Lumina has the softest. 
SIDE IMPACT TESTING
The four side impact tests were conducted using the FMVSS 214 test protocol, where the bullet vehicle replaces the moving deformable barrier. The bullet vehicles were crabbed 27 degrees and run at 53 kmph. The vehicles were modified as shown in Figure 3 . The vehicle test weights are shown in Table 1 below.
Figure 3 -Side Impact Test Configuration
The tests were conducted with a 50 th percentile HIII dummy in the driver seat of the bullet vehicle. A 5 th percentile female dummy was used in the right-front passenger seat of the bullet vehicle. Two SID/HIII dummies were placed in the driver and left rear seating positions of the target vehicle. The injury criteria for the side impact tests are shown in Tables 3 and 4 . For the occupants in the striking vehicle, the injury criteria are generally very low. In contrast, all of the drivers in the struck vehicles had thoracic trauma index, TTI, values above the threshold for injury. Figure 4 plots the normalized injury values for the driver of the struck vehicle. The injury measures for the struck driver do not show a strong correlation with the weight of the striking vehicle. To look at this another way, the aggressivity metric defined in reference 1 is used instead of vehicle weight.
Aggressivity = Driver Fatalities in collision partner
Number of Crashes of subject vehicle 
OBLIQUE OFFSET TESTING
The frontal oblique tests series was conducted using a test procedure developed under NHTSA's Advanced Frontal Offset Research Program [3] . The test configuration shown in Figure 6 .
Both vehicles were moving at approximately 56 kmph with the Accord being struck on the left front side. At impact, the left side of the striking vehicle aligns with the center of the front of the Accord. In all tests, both vehicles used a Hybrid III 50 th percentile dummy in the driver position, and a Hybrid III 5 th percentile female dummy in the right front passenger seating position. All of the dummies were belted and the air bags were active. The vehicle test weights are shown in Table  3 below. The measured injury criteria are shown in Tables 6 and 7 . With the exception of the Dodge Caravan, all of the injury criteria for the striking vehicles are below the threshold values. The extremely high Nij value for the 5 th percentile passenger in the Dodge Caravan is due to the air bag interaction. For this occupant, the air bag caught the dummy under the chin and produced large neck injury value, indicating a high probability of serious injury or death as a result of the interaction. The agency has initiated a research effort to evaluate more thoroughly the performance of the Chrysler minivan air bag system. The research will involve laboratory studies that will focus on the interaction between the air bag and the crash test dummy. It also will include analysis of findings from the agency's Special Crash Investigations. The agency has not decided what steps, if any, will be taken once the research has been completed. For the Honda Accord, the struck vehicle, only the Caravan and Explorer impacts produced injury criteria that were above the threshold values. These two vehicles were the heaviest striking vehicles. Figure 7 illustrates the effect of the bullet vehicle weight on the normalized injury criteria. There is a general trend of increasing injury criteria with increasing vehicle weight. Notice also that the S-10 and the Explorer are above the best fit line for all of the test cases. This indicates that there maybe some factor other than weight that is influencing the aggressivity of these striking vehicles. Table 8 . It is not surprising to note that the lowest intrusions were measured for the Lumina test, and that significantly higher intrusion measurements were recorded for the Explorer and Caravan tests.
FUTURE WORK
To evaluate the aggressivity of a large pickup truck for comparison, the Chevrolet CK2500 will be included in this test series in the near future. Additionally, in order to support finite element simulations of the tests, detailed vehicle measurements will be conducted for the post-test vehicles in this series.
NHTSA is currently evaluating plans to separately evaluate some of the factors involved in vehicle compatibility: mass, geometry and stiffness. Testing supported by computer simulation will be used to develop a better understanding of the influence of vehicle factors upon compatibility.
CONCLUSION
The side impact test series did not show a strong relationship between the injury measures for the driver of the struck vehicle and either the mass of the striking vehicle or the aggressivity metric developed from FARS/GES data. However, the oblique offset test series did show good correlations of driver injury measures with both the vehicle mass and the aggressivity metric. Furthermore, the frontal offset tests indicated that, even accounting for mass differences, there are additional factors that maybe affecting vehicle aggressivity. More research needs to be conducted to better understand how specific vehicle characteristics affect compatibility. 
